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Abstract
In an area approximately 1200knl around Tekkali in the northernmost part of Andhra
Pradesh, India, light grayish-blue migmatite (garnet-orthopyroxene-biotite migmatite: GOBM)
occurs circumscribed by garnet-sillimanite gneiss, orthopyroxene-biotite gneiss and partially
charnockitized garnet-biotite gneiss. The GOBM, with an antiformal structure in the central re-
gion (migmatite unit), is distinct from the surrounding granulites (granulite unit). The
migmatite unit rarely involves calc-silicate rock lenses. Two-pyroxene granulite occurs as
lenses and bands within GOBM and other granulites. Porphyritic granite intrudes into garnet-
sillimanite gneiss in the granulite unit.
The GOBM consists of a gneissic mesosome, with an assemblage of garnet-biotite-fine-
grained orthopyroxene (Opx I)-quartz-feldspars, and the leucosome is characterized by the
presence of coarse-grained orthopyroxene (Opx 2). Although the veined/net veined migmatite
is predominant, a massive diatexite as well as stromatic migmatite are also observed.
Leucogranite, which mostly lacks mafic minerals, occurs as a part of the extracted melt. These
migmatites are considered to reflect their differential degree of melting.
The petrographic features of veined/net-veined migmatite indicate the process of partial
melting. The mesosome includes leucocratic veins, bands and patches. Similar leucocratic por-
tions surrounding garnet porphyroblasts are also observed. These leucocratic portions in the
mesosome are deduced to be melt channels in the initial stage of anatexis. Based on the
paragenesis of the minerals in the mesosome, the migmatites are considered to have experi-
enced a dehydration melting event expressed as,
Biotite + Plagioclase+Quartz = Garnet porphyroblast+Opx 1+Mel t
The initial melt, which now corresponds to the leucocratic portion within the mesosome, is
interpreted to have seggregated to form the leucosome and resulted in other varieties of
GOBM. The Opx 2 might have been crystallized from the seggregated melt giving rise to gar-
net coronas surrounding it by the later event of isobaric cooling.
On the other hand, the garnet-sillimanite gneiss, being the main constituent of the granulite
unit does not show clear evidence of anatexis, and maintains well-extended banding
interlayered with metaquartzite. The orthopyroxene-biotite gneiss also appears not to be
migmatitic. The partially charnockitized garnet-biotite gneiss in the granulite unit shows the
effect of charnockitization instead of migmatization.
The members of the granulite unit are comparable to the those of other areas in the
Eastern Ghats Mobile Belt (EGMB). The large-scale melting phenomenon observed in the
GOBM in the Tekkali area is an exceptional example. There is a possibility that the area ex-
perienced extremely high poT conditions. as recorded in other areas in the EGMB.
Key words: garnet-orthopyroxene-biotite migmatite CGOBM), mesosome, leucosome, granulites.
Eastern Ghats Mobile Belt, dehydration melting.
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Fig. 1. Location of the study area and outline geology
of Eastern Ghats Mobile Belt
terms are revised from Mehnert (1968) and
Johannes (1988).
A migmatite is a megascopically composite
rock consisting of two or more petrographically
different parts, one of which is the country rock,
generally in a more or less metamorphic state,
termed 'mesosome', the other is of pegmatitic,
aplitic, granitic or generally plutonic appearance
termed 'leucosome'. If a third portion with con-
centration of mafic minerals between 'mesosome'
and 'leucosome' can be distinguished, it would
be called 'melanosome'.
Where a migmatite can be recognized as a
product of partial melting, the following words
are used to describe the degree of melting. The
word 'metatexite' is used for an incipient portion
of partial melting, when melted and unmelted
portions can still be distinguished petrogra-
phically (e.g., 'stromatic', maintaining alternate
banding of the leucosome and the mesosome),
whereas 'diatexite' is used for complete or nearly
complete melting, when melted and unmelted
portions can no longer be distinguished, and
nearly homogeneous rocks with a plutonic habit
are seen.
1. Introduction
The Eastern Ghats Mobile Belt (EGMB) is
one of the major constituents of the Indian Prec-
ambrian, forming a part of the Proterozoic mo-
bile belt which amalgamates the Archaean crato-
ns (Naqvi and Rogers, 1987). It is considered
that the EGMB is separated from other geolog-
ical units by thrust boundaries (Kaila and Bhatia,
1981). Several lithologies of granulite-facies rocks
occupy the EGMB, these being garnet-sillimanite
(-graphite) gneiss ('khondalite'), garnet (-biotite)
-bearing quartzofeldspathic gneiss ('leptynite')
and charnockite (Fig. 1). Metaquartzite, calc-
silicate rock, two-pyroxene granulite, and sap-
phirine granulite also occur as minor constitu-
ents.
Geological and petrological studies in the
EGMB suggest that temperature and pressure of
peak metamorphism are 850-1000 °C and 8-10
kbar, respectively, and isobaric cooling at either
5-6 kbar or 9-10 kbar is recognized (e.g., Dasgu-
pta et aI., 1995; Shaw and Arima, 1996b; Sengu-
pta et aI., 1997). Such a P-T trajectory of the
metamorphism implies the crust to have been
subjected to heat-input from the mantle (Bohlen,
1987) or crustal thinning (Sandiford and Powell,
1986). Dasgupta et a1. (1995) discussed the pos-
sibility that basic magma, which now occurs as
two-pyroxene granulite, had acted as a heat
source for the metamorphism in the primitive
EGMB. The lower crust corresponds to a setting
where differentiation of crustal material is car-
ried out by partial melting. Dasgupta et a1. (1995)
and Sen et a1. (1995) described migmatitic rocks
and pointed out that the production of granitic
melt was possibly initiated at ultra-high tem-
perature (UHT:~900-1000°C) conditions. How-
ever, the detailed process of the melting and its
tectonic background have not been understood
in the EGMB.
The present study was focused on the occur-
rence and petrography of the migmatite and sur-
rounding granulite-facies rocks from the Patapa-
tnam-Tekkali area. Special attention is paid to
the melting process of the migmatite occurring
in the area.
Terminology of Migmatite
Definitions of the terminology used in the
present study are first given. The following
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Fig. 2. Route map of the study area
2. Field Occurrence of Migmatite and Granu-
lites
The study area, located around Tekkali and
Patapatnam in the Srikakulam district in the
northernmost part of Andhra Pradesh, India
(Fig. 1), is confined between latitudes N18° 30'
and N18° 49' and longitudes E83° 57' and E84
o 23' (Survey of India topo sheets No. 74 B/2
and B/6). The area consists of two different
geological units (Figs. 2 and 3): (1) A migma-
tite unit, which is dominantly occupied by the
migmatite formed by garnet-orthopyroxene-biotite
mesosome and orthopyroxene-bearing leucosome
(named Garnet-orthopyroxene-biotite migmatite:
GOBM hereafter) and (2) a granulite unit, con-
sisting mainly of garnet-sillimanite gneiss, ortho-
pyroxene-biotite gneiss and partially charnocki-
tized garnet-biotite gneiss. Small amounts of me-
taquartzite and garnet quartzofeldspathic gneiss
are associated with garnet-sillimanite gneiss. Por-
phyritic granite occurs at some localities. The
migmatite unit is characteristically surrounded
by the granulite unit, although sporadic occur-
rences of GOBM are observed in the granulite
unit and vice versa. Calc-silicate rock is found
only in the migmatite unit. Pseudotachylite is lo-
cally observed in both units.
2.1. Migmatite Unit
GOBM is well-exposed around Tekkali Town
(Fig. 4, corresponding to area A in Fig. 3). The
mesosome of GOBM shows well-preserved gneis-
sosity defined by the preferential alignment of
biotite flakes, and the leucosome is characterized
by coarse-grained orthopyroxene and has a gra-
nitic appearance (Fig. 5A, B, C and D). The rela-
tion between the mesosome and the leucosome
varies locally and three types of migmatite are
recognizable: veined/net-veined migmatite, dia-
texite and stromatic migmatite. In places,
leucogranite occurs as sills (Fig. 5E) and ap-
pears to have been extracted from the leuco-
some. However, the most frequent variety is net-
veined or veined migmatite, and the trend of
gneissosity of the mesosome can still be traced,
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Fig. 3. Map of the study area showing localities referred in the text. Squared area A, where Garnet-
orthopyroxene-biotite migmatite prominently occurs is magnified in Fig. 4.
except in diatexite. It changes from NW-SE in
the western part, to E-W in the central part, to
NE-SW in the eastern part of the migmatite
unit, all of which dip towards south (Fig. 2).
This variation of the trend can be inferred to be
an antiformal or dome structure. GOBM is often
folded mesoscopically (Fig. 2).
The leucosome in net-veined/veined migma-
tite sometimes occupies a dextral shear, cutting
the mesosome (Fig. 5B). However, the veins of
the leucosome, connected to each other to give a
network pattern, is also often observed (Fig.
5A) . The diatexite showing a plutonic appear-
ance is also noticed. It has a massive appearance
similar to the leucosome, but additional garnet
and biotite, which might have been derived from
the earlier mesosome, are present. The occur-
rence of more or less diminished mesosome in
the diatexite suggests that it is in a state of
more advanced melting than ordinary veined
migmatite. Some of the mesosome 'enclaves'
within the diatexite are almost devoid of
gneissosity. Their contact is sometimes gradual,
marked by biotite spreading from the mesosome
to the host diatexite (Fig. 5F). Stromatic mi-
gmatite, characterized by rhythmic alternation of
gneissic and quartzofeldspathic layers, is recog-
nized in some localities. Each layer has a width
upto a few centimeters. The stromatic migmatite
is often cut by coarse-grained orthopyroxene-
bearing leucosomes. The leucogranite, consisting
of felsic minerals with minor amount of garnets,
shows a seggregated texure such as a parallel
layer/sill or pod, from <10 cm to 2 m in
width, which is continuous and extrudes from
the leucosome (Fig. 5A and E). Although the
leucogranite is similar in color to the leucosome,
the former lacks coarse-grained orthopyroxene.
These variations of the GOBM are considered
to reflect the degree of melting. Fig. 4 shows the
distribution of the varieties of GOBM. There is a
systematic change in the order of apparent de-
gree of melting, from stromatic migmatite to
diatexite through net-veined or veined migma-
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Fig. 4. Geological map of Tekkali Town area, corresponding to the area A in Fig. 3.
tite, from north to south.
Orthopyroxene-biotite gneiss and partially
charnockitized garnet-biotite gneiss also occur
locally, although their relative occurrence to the
GOBM remains obscure.
Two-pyroxene granulite is recognized in the
GOBM and in the orthopyroxene-biotite gneiss.
It occurs as lenticles, spindles, disks with differ-
ent aspect ratios reaching ca. 5 m in width.
They maintain a particular local and regional
alignment in area A (Fig. 4). The alignment is
penetrative in the direction of ENE-WSW, re-
gardless of the gneissosity of the host rock, and
they extend for about 6-7 km. The lenses of the
granulite make a continuous swarm (with fre-
quency attaining upto 10 numbers per square
meter), especially where the host rock is diate-
xite (Fig. 4). This occurrence indicates that the
two-pyroxene granulite might have been origi-
nated from dyke-like intrusions in area A. Th
two-pyroxene granulites are brownish green and
have the mineral assemblage of pyroxenes-biotite-
plagioclase. However, the largest one (ca. 5m
width) lacks biotite in its central portion, where
it is dark greenish. The marginal portions of the
lenses of ordinary dimensions (upto 45 X 240
em) are frilled by garnet and biotite, are reddish
and are surrounded by orthopyroxene-bearing
q uartzofeldspathic halos. Felsic veins often in-
trude into them from the halos.
The bluish-gray spindle-shaped calc-silicate
rock (Fig. 5G) occurs rarely in the GOBM in
area A (Fig. 4).
2.2. Granulite Unit
Garnet-sillimanite gneiss is the main constitu-
ent of the granulite unit. It extends from east to
west in the northern marginal region, ca. 7 km
northeast of andigum and south of the study
area. Although discontinuous, the western part
(north of Saravakota) of the area is dominated
by garnet-sillimanite gneiss. The typical assem-
blage is garnet-sillimanite-quartz-K-feldspar. Gar-
net-sillimanite gneiss shows intense banding,
which is defined by alternation of sillimanite-
rich and felsic layers of a few millimeters to
decimeters in width. The banding is parallel to
metaquartzite layer (Lacs. 950906-4 and 950904-
4; Fig. 3), which suggests that they originated
from a sedimentary sequence. Garnet in garnet-
sillimanite gneiss and metaquartzite is pinkish
and the sillimanite grains are aligned giving rise
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to a lineation. At some localities, folds can be
observed in the gneiss (Locs. 9630 and 9644;
Fig. 2, 3 and 6A).
Garnet-quartzofeldspathic gniess occurs in as-
sociation with garnet-sillimanite gneiss at some
localities (Fig. 2). It is composed of quartz, pla-
gioclase, a minor amount of biotite and porphy-
ritic K-feldspar (around I cm across).
Orthopyroxene-biotite gneiss crops out in the
north of Tekkali, southeast of Patapatnam and
ca. 10 km north of Saravakota. The gneiss is
dark grayish and is composed of orthopyroxene,
biotite, feldspars and quartz. A minor amount of
garnet grains are observed near orthopyroxene
and biotite. The gneiss is cut by the leucocratic
veins of a few centimeters width, which are
coarse-grained and rimmed by melanosome-like
mafic concentration. These veins are cut by a
later shear (Fig. 7A) at Loc. 950913-1 (Fig. 3).
At Loc. 9636 (Fig. 3), both garnet-sillimanite
gneiss and orthopyroxene-biotite gniess are ob-
served (Fig. 8). Partially melted garnet-biotite
gneiss also occurs along with them. The melt
portion of the garnet-biotite gneiss differs from
the leucosome of GOBM because it includes gar-
net but not orthopyroxene, which is the charac-
teristic mineral of the leucosome of GOBM.
Although the relations between the gneisses are
obscure, the apparent lithological boundary is
not parallel to compositional banding and/or
gneissosity.
Partially charnockitized garnet-biotite gneiss
occurs along the route 5 and near Saravakota
(Fig. 2), and forms closed folds plunging south-
ward at both Locs. 9617 and 9615 (Fig. 2 and
6B). It is mainly composed of alternating layers
of garnet-biotite and quartzofeldspathic gneiss.
Charnockitization in the garnet-biotite layers is
more intense than in the quartzofeldspathic lay-
ers (Fig. 7B). The charnockitized portion is
characterized by their olive- to dark-green color
and coarser grain size. They have a massive ap-
pearance at most localities (Loc. 9635, 9615 etc.;
Fig. 3). Possible structural control of their for-
mation is shown by the occurrence of a vein-like
charnockite portion cutting across the gneis-
sosity of the host garnet-biotite gniess, as seen
at Loc. 9617. In some instances, the vein is con-
tinuous with the quartzofeldspathic portion,
where orthopyroxene becomes absent (Fig. 6B).
The vein-like charnockite strikes NW and dips
gently north and sometimes shows conjugate
sets (Fig. 6B and 7B).
Two-pyroxene granulite bands in partially
charnockitized garnet-biotite gniess (Loc. 9635)
are folded and cut across by later basic dykes
(Fig. 6C). The lenticular-shaped two-pyroxene
granulites often occur in the orthopyroxene-
biotite gneiss and are concordant to the gneis-
sosity of the host gneiss (e.g., Fig. 8).
Porphyritic granite has the mineral assem-
blage of K-feldspar-quartz-plagioclase. Biotite is
rare. K-feldspar occurs as phenocrysts, upto ~5
cm in length. The garnet-sillimanite gneiss is en-
closed in the granite as xenoliths (at Loc. 9620;
Fig. 4 and 7C) and pinkish garnet is observed
around it. E-W-trending mylonitization of the
granite is recognized at Loc. 9620.
Pseudotachylite is found at two localities
(Locs. 9645, 9617) and also in area A (Fig. 2
and 3). Glassy dyke-like peudotachylite contains
numerous breccias of diatexite varying in size
from millimeters to decimeters. Gn area A: Fig.
7D). Elsewhere it occurs as tiny veins (few mil-
Fig. 5. Photographs showing occurrence of GOBM. A) Typical mode of occurrence of Garnet-orthopyroxene-
biotite migmatite. Melanocratic portion of mesosome retaining gneissosity is cut across by net-vein of
leucosome, including coarse-grained orthopyroxene. Arrow indicates leucogranite, which is considered to
have been extracted from the leucosome. B) Vein-like occurrence of the leucosome cutting the
mesosome, where the emplacement of the leucosome is controlled. by the sinistral movement, in this
case. Garnet tends to concentrate along the border between meso-/and leucosome. C) The leucosome
cutting mesosome. Mineral assemblage of the leucosome is typically an anhydrous one, with
orthopyroxene COpx 2) but not biotite. D) Field photograph showing euhedral coarse-grained
orthopyroxene in the leucosome COpx 2; see text for detail). E) Mode of occurence of the leucogranite
exhibiting pod-like appearence, trend of which is generally parallel to the gneissosity of the host Tekkali
Migmatite. F) Gradual change from ordinary migmatite to diatexite is observed. At the contact, the
mesosome is detached and seems to drift to the diatexite portion. The gneissosity of the mesosome occa-
sionally fades. The contact between the mesosome and the leucosome is sometimes gradual, where biotite
is dispersed. Leucogranite seems to be extracted from the leucosome portion. G) Calc-silicate rock within
the GOBM, in the form of an enclave.
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c Fig. 6 A) Field photograph illustrating a varia-tion of garnet-sillimanite gniess, which
shows closed fold plunging W at Lac.
9644. B) Field sketch of closed fold of
partially charnockitized garnet-biotite
gneiss at Lac. 9617. C) Field photograph
at Lac. 9635. Two-pyroxene granulite
showing open fold is again cut by later
basic dyke. Host rock is partially
charnockitized garnet-biotite gniess.
limeters in width), branching in various direc-
tions and accompanied by echelon veins.
Banding in the garnet-sillimanite gneiss and
foliation in the gneisses are generally concord-
ant (e.g., Fig. 8). The general trend of these
planar structures strike NNW-SSE or NW-SE
and dip gently towards the east in the western
region, and have an E-W strike with steep dip
towards the south in the northern region. In the
area east of Route 5, a NNE-SSW strike wi th
steep eastward dip is observed north of Na-
ndigum, whereas south of Nandigum the strike
becomes NW-SE with a southward dip (Fig. 2).
3. Petrography and Metamorphic Reactions
Mineral assemblages of rock types are shown
in Table 1. Abbreviations used in petrography
and reactions follow Kretz (1983).
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7. Photographs showing field occurrence of the granulites (A~D)
and polished slab section of GOBM (E~G). A) The
orthopyroxene-biotite gneiss. Leucocratic channels rimmed by
melanosome (arrows), B) The charnocki tized garnet-bioti te
gneiss. Garnet-biotite-rich layer is more affected by charno-
ckitization, but its extention is observed as coarse-grained vein
in quartzofeldspathic layer also (bluish-gray portion within
quartzofeldspathic layer). C) A xenolith of the garnet-
sillimanite gneiss in porphyritic granite. D) Pseudotachylite in
the area A, cutting diatexite. Dark colored two-pyroxene
granulite lenses in diatexite are also cut. E) Leucocratic veins
within the mesosome parallel to the gneissosity, They are de-
duced to have been the channels through which the initial
melt moved (arrows). F) Initial melt portion in the mesosome
surrounding porphyroblastic garnet. G) Orthopyroxene in the
mesosome (Opx 1) often scattered in leucocratic patches
(melt) within the mesosome. It is considered to have been
generated by similar process as in Fig. 7F.
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Fig. 8. Quarry map of Loc. 9636, 7 km north of Saravakota. Continuous outcrop from garnet-sij]jmanite to
orthopyroxene granulite is observed.
3.1. Garnet-orthopyroxene-biotite migmatite
(GOBM)
3.1.1. Mesosome
The mesosome of GOBM is heterogeneous,
with numerous leucocratic veins (2-3 mm in
width), bands (upto ~3 em in width), parallel
to the gneissosity, and patches. These leucocratic
veins and bands differ from the surrounding
leucosome in the absence of orthopyroxene in
the former, and they appear to be continuous
(Fig. 7E). Garnet porphyroblasts are preferen-
tially distributed in the leucocratic veins or
patches (Fig. 7F). Orthopyroxene in the meso-
some (Opx 1 hereafter) is scattered within the
leucocratic patches (Fig. 7G). The leucocratic
bands include mafic schlieren, consisting of
orthopyroxene, garnet and a minor amount of
biotite, and are considered to be a fragments of
the mesosome. These leucocratic portions are in-
terpreted to have been an initial melt (e.g., Jones
and Brown, 1990).
The mesosome shows seriate texture. It is
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Table 1. Mineral assemblage of rock types occurring in the study area.
+: present; ±: sporadic; T: present in trace amount; R: present as a retrograde phase; COBM: members of
gamet-orthopyroxene-biotite migmatite
Major rock types Qtz PI Kfs Grt Opx Cpx Bt Sil Spn Ap lim Py He 2rn Gr
Mesosome(GOBM) + + + + + + + + + + ±
Leucosome(GOBM) + + + R,± + T + + + ± ±
Diatexite(GOBM) + + + R,+ + ± + + + +
Leucograni te (GOBM) + + + + T + ± ±
Garnet-sillimani te gneiss + ± ± + R + ± + ± ±
Orthopyroxene-biotite gneiss + + + ± + + ± + +
Partially charnockitized garnet·biotite gneiss + + + + ± + + + +
Minor rock types
Metaq uartzi te + + + ± +
Garnet-q uartzofeldspathic gneiss + + + + ± + + +
Calc-silicate rock + + + + +
Two-pyroxene granulite + T,± R + + ± + +
Porphyritic granite + + + + T + +
Qtz
Fig. 9. QAP diagram showing modal composition of
different members of GOBM.
Opx 1 is fi ne-grained (less than 0.3 mm in di-
ameter) and often includes rounded bioti te (Fig.
10C). It has no exsolusion (Fig. 10C), in con-
trast to Opx 2 with lamella as described below
(section 3.1.2.). Considering these features, the
reaction,
PI
(2)
o leucogranite
o leucosome
• mesosome
Bt+Qtz=Opx l+Melt
Kfs
composed of quartz, plagioclase, biotite, garnet
and lesser amounts of orthopyroxene (Opx 1)
and K-feldspar with apatite, ilmenite, pyrite and
zircon as accessory phases. The mesosome has a
granodioritic modal composition (Fig. 9). Quartz
occasionally reaches 2.5 mm in size, with su-
tured boundaries and weak undulatory extinc-
tion. Plagioclase shows albite twinning, some of
which are kinked. K-feldspar is commonly pe-
rthitic. The average grain size of both feldspars
ranges from 0.2 to 1.3 mm. Coarser-grained pla-
gioclase (upto 2.2 x 5.6 mm) retains its euhedral
shape and is characterized by the presence of
antiperthite lamellae (Fig. lOA). Such plagio-
clase is interpreted to have grown from an ini-
tial melt (Busch et aI., 1974). Apatite is rounded
and about 0.15 x 0.1 mm in size; it is sometimes
elongated (e.g., 0.02 x 0.35 mm). Garnet (an aver-
age size of around 1-1.5 mm, and porphyroblasts
reaching ca. 7 mm) contain inclusions of rounded
quartz as well as plagioclase, biotite, zircon,
apatite, opaq ues and, in rare instances, graphite
(Fig. lOB). When narrow leucocratic veins and
the leucocratic halos surrounding porphyroblastic
garnets within the mesosome (Fig. 7F) are
taken as remnants of the initial melt, rounded
inclusions of quartz, plagioclase and biotite
imply a dehydration melting reaction at the
prograde stage.
Bt+ PI +Qtz=Grt porphyroblast+ Melt (1) is considered to result in the formation of
Opx 1 together with melt, which occurs as a
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leucocratic patch containing Opx1 within the
mesosome. A dehydration melting of the precur-
sor of GOBM can be deduced to be
Bt+PI+Qtz=Grt porphyroblast+Opx 1+Melt (3)
3.1.2. Leucosome
The leucosome is prominently comprised of
quartz, K-feldspar, plagioclase and orthopy-
roxene. K-feldspar is more abundant than in the
mesosome (Fig. 9). Orthopyroxene in the leuco-
some (Opx 2) is coarse-grained (avg. 2.0-5.2
mm, max. 50 mm in longer axis; Fig. 5D) and
occurs preferentially in the cen tral portion of
the leucosome (Fig. 5C). Euhedral garnet is con-
centrated within 2-3 cm from the boundary be-
tween the leucosome and the mesosome as
'melanosome' (Fig. 5B). Although the leucosome
is coarse-grained and massive, it actually exhib-
its an inequigranular and seriate texture (aver-
age grain size of feldspars ranging from 0.8 to
3.2 mm, and reaches 80 mm as phenocrysts).
As observed in quartz and other minerals,
post-migmatization deformation affected, and
possibly overprinted the earlier texture (d.,
McLellan, 1983). Some plagioclase, however, sho-
ws euhedral shape, which can be one of the
proofs of crystallization from melt. Garnet along
the mesosome-leucosome boundary has inclu-
sions of biotite, quartz, plagioclase and ilmenite.
Biotite, sometimes with opaques, occurs fringing
the garnet and shows lighter color than the
rounded biotite inclusions. Judging from similar
features to the garnet of the mesosome, those in
the 'melanosome' are considered to have been
trapped from the mesosome when the leucosome
was in the melt phase.
A typical feature of Opx 2 is the presence of
exsolution lamella of ilmenite and plagioclase.
Opx 2 shows strong pleochroism of light green
to pinkish light brown, and the grains have
embayments or inclusions of medium-grained
plagioclase retaining some straight crystal face
or facets (Fig. 10D). None of these inclusions'
planes is parallel to either the crystal indices of
host Opx 2 or the direction of the lamella. This
embayment texture indicates that the plagio-
clase crystallized prior to Opx 2.
Anhedral biotites are dispersed in the leuco-
some, especially in contact with the mesosome,
but they are extremely rare. Biotite also occurs
as inclusions in coarse-grained plagioclase and
shows rounded shape.
Garnet with wormy quartz, rimming Opx 2,
indicates a retrograde event. This retrograde tex-
ture has been reported from many other
granulite terrains (e.g., Harley, 1985; Sheraton et
aI., 1995) and from EGMB as well (e.g., Dasgu-
pta et aI., 1993). The retrograde garnet from
GOBM shows textural zoning in two zones, 1
and 2. Zone 1 contains rod-shaped quartz inclu-
sions, which may indicate the direction of
growth of garnet (mostly perpendicular to the
contact surface with orthopyroxene and frilled
by zone 2 in plagioclase side) (Fig. 1OE). Quartz
inclusions in zone 2 are finer than those of zone
1 and show no elongation. The rim of zone 2 is
euhedral-shaped and seems as micro-crystals
grown over zone 1 (Fig. 10E). Such textural
zoning may indicate that zone 2 must have been
formed by a different mechanism from that of
zone 1. The biotite fringe of the retrograde stage
mentioned above does not surround this type of
garnet. This texture of retrograde garnet indi-
ca tes the reaction
Fig. 10. Photomicrographs showing the textural features of the minerals in the GOMB. A) Coarse-grained plagio-
clase in the mesosome. Sporadic occurrence of coarse-grained plagioclase indicates in-situ growth from
the initial melt (crossed nicols). B) Garnet porphyroblast having inclusions of biotite, plagioclase and
quartz, considered as reactants of garnet formation. The occasional presence of flaky graphite inclusions
in garnet implies that the GOBM have a sedimentary precursor (open nicols). C) Back-scattered
Electron Imagery (BEl) of Opx 1, showing its homogeneity, without any exsoluion lamella. Biotite inclu-
sion is rounded and deduced to be a reactant. D) Opx 2 having inclusions and embayments of plagio-
clase maintaining facets. Crystallization from melt prior to Opx 2 is indicated (open nicols). E)
Retrograde garnet growing between plagioclase and Opx 2, formed by the reaction. Opx2 + PI = Grt + Qtz.
Zone 1 includes rod-shaped quartz. Very fine quartz inclusions in zone 2 results in high refractive index
(open nicols). F) Retrograde garnet surrounding ilmenite. It is deduced that the garnet+quartz assem-
blage has been formed by a similar mechanism to that of retrograde garnet associated with Opx 2 (open
nicols). G) Bt+ PI +Qtz symplectite in diatexite. This texture is deduced to have been formed by the re-
action of Grt+ Melt (open nicols).
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This reaction is considered to be indicative of
an isobaric cooling event (e.g., Harley, 1989). A
similar textural feature of ilmenite surrounded
by garnet with quartz represents a similar proc-
ess of formation (Ellis and Green, 1985) (Fig.
10F).
3.1.3. Diatexite
The diatexite, which is considered to have
been a seggregated mass when it was melted,
also occurs as a member of GOBM (Fig. 4). Its
petrographic features are similar to the leuco-
some, except the presence of more biotite in the
matrix.
In the diatexite, the symplectitic nature of
biotite with quartz and plagioclase is observed
(Fig. lOG), accompanying garnet. This texture
may indicate the biotite forming reaction,
3.1.4. Leucogranite
The leucogranite has a mineral assemblage of
quartz, K-feldspar, plagioclase, garnet, less biotite
and very rare orthopyroxene. In the modal QAP
diagram, this rock type seen to be plagioclase-
poor, but the ratio of quartz to K-feldspar is al-
most the same as in the leucosome (Fig. 9).
Most of the quartz grains show locally devel-
oped subgrain boundaries. String- or drop-shaped
perthite lamellae are the dominant characteristic
of K-feldspar. Plagioclase is sub-euhedral and
shows albite twinning, which is deformed. My-
rmekite is also well developed. Some of the pla-
gioclase have antiperthite lamellae. Garnets have
similar average grain size as in the mesosome,
and some coarser-grained garnets show exactly
the same petrographic character with the garnet
rimming Opx 2 in the leucosome. Orthopyroxene
is observed in the vicinity of this garnet, though
direct contact between them is absent. This tex-
ture indicates that orthopyroxene of the same
type with Opx 2 was also present in the
leucogranite, even though in lesser amount.
Together with the field occurrence, the
leucogranite is considered to be co-genetic with
the leucosome.
Hc + Qtz = AIm + Sil
(6)Bt+Sil +Qtz=Grt+ Kfs+ H20
3.2. Other Granulites
3.2.1. Garnet-sillimanite gneiss
Garnet-sillimanite gneiss is composed of gar-
net, sillimanite, graphite, K-feldspar and quartz.
Green spinel, possibly hercynite, is also rarely
found. Sillimanite, quartz and plagioclase are
highly deformed, the grain size of the quartz
grains being extremely reduced. Garnet contains
inclusions of sillimanite, quartz and sometimes
biotite, which indicates the prograde reaction,
Biotite also occurs as a retrograde phase, pro-
duced by the reverse reaction of (6), as indi-
cated by the assemblage in pressure shadows
surrounding garnet (Fig. 11 A).
3.2.3. Orthopyroxene-biotite gneiss
The orthopyroxene-biotite gneiss consists of
plagioclase, quartz, K-feldspar, orthopyroxene and
biotite. Zircon and apatite occur as the accessory
minerals. The inequigranular and seriate tex-
tures of this rock are similar to those of the
mesosome of GOBM. Quartz shows sutured
subgrain boundaries and strong undulatory ex-
tinction. Plagioclase with antiperthite lamellae
does not retain sharp and continuous twinning,
3.2.2. Metaquartzite
The metaquartzite is composed of quartz,
sillimanite, garnet and very minor plagioclase.
Rounded zircon constitutes an accessory phase.
The metaquartzite shows mylonitic micro-
structure, as indicated by well-elongated quartz gra-
ins. Garnet and sillimanite in the metaquartzite
from Loc. 950906-4 include quartz and hercy-
nitic spinel, indicating the reaction (Bohlen et
aI., 1986),
Because some garnet includes sillimanite sim-
ultaneously, sillimanite may have two different
generations. It is even observed that hercynite,
mantled by sillimanite, is further included in
garnet (Fig. lIB)
At the same locality, garnet seems to be sub-
jected to strain at high temperature and elon-
gated in a different direction to that of the
sillimanite lineation.
(4)
(5)
Opx 2+ PI=Grt+Qtz
Grt+ Melt=Bt+ PI +Qtz
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Fig. 11. Photomicrographs showing the textural features of the minerals in granulites. A) Retrograde assem-
blage in pressure shadow associated with garnet in garnet-sillimanite gneiss. Sillimanite, biotite and
quartz are the products of retrograde breakdown of garnet (open nicols). B) Spinel inclusion in garnet
of metaquartzite, from Loc. 950906-4. C) BEl showing exsolusion lamella of clinopyroxene in
orthopyroxene and vice versa, indicating high temperature conditions. D) The two-pyroxene granulite
showing relict amphibole inclusion in plagioclase, indicating the prograde reaction,
HbJ+Qtz=Opx+Cpx+PI (open nicols). E) Interstitial biotite occurs frequently in the two-pyroxene
granulite. The mode of occurrence of biotite indicates that its formation was in late stage, due to the
effect of interaction between host and enclave (open nicols). F) BEl of retrograde symplectite of
Grt+Cpx+Qtz forming between plagioclase and orthopyroxene in two-pyroxene granulite.
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but it fades out indicating later deformational
effects. K-feldspars have perthitic lamellae. My-
rmekitic texture is developed along the bound-
ary between plagioclase and K-feldspar. Finer
and more complicated myrmekite is also seen
between grains of plagioclase. Biotite is brown-
ish indicating lesser Ti contents than biotite in
the mesosome of GOBM. Orthopyroxene exhibits
pleochroism from pale green to pale yellowisb
brown, and is sometimes frilled by biotite or
blue amphibole of the retrograde stage.
Considering the absence of interstitial biotite
and K-feldspar in the central portion of the larg-
est band, it can be assumed that the effect of
high-grade metamorphic conditions resulted in
the migration of alkali elements (like K) from
felsic host rock (migmatites or gneisses) to two-
pyroxene granulite.
In the biotite-absent portion, retrograde
symplectites of garnet (and/or opaques) +qua
rtz ± cli nopyroxene formed along grain bounda-
ries of orthopyroxene and plagioclase, (Fig. 11 F)
represent the reaction (e.g., Schenk et aI., 1991),
3.2.4. Two-pyroxene granulite
The two-pyroxene granulites show granobla-
stic texture and are composed mainly of ortho-
pyroxene, clinopyroxene, plagioclase and in tersti-
tial biotite (Fig. lIC). Prismatic apatite, ilmenite,
pyrite, interstitial K-feldspar and zircon occur as
the accessory minerals. In the central portion of
the largest two-pyroxene granulite band, bio-
tite+ K-feldspar disappears and the proportions
of opaque and clinopyroxene increase. Orthopy-
roxene is around 0.5 X 0.25 mm in size (max. 1.
25 X 1.75 mm) and shows pleochroism of pale
brown to pale green. It is em bayed by plagio-
clase. Orthopyroxene with the lamellae of clino-
pyroxene and vice versa are also found (Fig.
lID). Plagioclase with curved albite twins indi-
cates later deformation. Plagioclase also exhibits
antiperthite lamellae.
Rounded amphibole, included in the plagio-
clase (Fig. lIE), indicates the granulite-facies re-
action (e.g., Spear, 1993) in a prograde stage,
I-Ibl+Qtz=Opx +Cpx+ PI
Opx+ Pl=Grt+Qtz±Cpx
(8)
(9)
indicating a similar event to that ded uced from
garnet coronas surrounding orthopyroxene in
the leucosome described before [reaction (5) J.
3.2.5. Calc-silicate rock
The calc-silicate rock is fine-grained and is
composed of plagioclase, clinopyroxene, quartz,
sphene, calcite and graphite. Clinopyroxene sho-
ws feeble pleochroism from pale green to light
brown, which corresponds to the optical feature
of hedenbergitic pyroxene. Calcite occurs as in-
clusions or along the rims of hedenbergite and
sometimes in association with graphite. Sphene
occurs always as inclusions in other minerals.
4. Discussion
4.1. Comparison of geology with other areas in
the EGMB
Recen t petrological and geological studies in
several sectors of the EGMB point out that
garnet-sillimanite gneiss, garnet-quartzofeldspa-
thic gneiss and charnockite are the dominant
lithologies of the Mobile Belt, at Araku (Dasgu-
pta, 1993), Anantagiri (Dasgupta et aI., 1991),
Anakapalle (Sengupta et aI., 1997), Chilka lake
(Sen et aI., 1995), Sumkarimetta (Dasgupta et
aI., 1993), Garbham (Dasgupta et aI., 1992),
Rayagada (Shaw, 1996), Vizianagaram (Kami-
neni and Rao, 1988), Visakhapatnam (Nages-
wara Rao et aI., 1996), Paderu (Lal et aI., 1987)
and so on. These three main constituents com-
monly form layering, but lenticular occurrences
of charnockite within sequences of the other
two gneisses is also reported (e.g., Dasgupta et
aI., 1992). Garnet-sillimanite gneiss and garnet-
quartzofeldspathic gneiss are considered to be
derived from the sediments, as proved by the
interlayering of metaquartzite (Vizianagaram:
Kamineni and Rao, 1988; Garbham: Dasgupta et
aI., 1992; Rayagada: Shaw, 1996) and calc-
silicate rock (Araku: Dasgupta, 1993; Anaka-
palle: Sengupta et aI., 1997: Garbham: Dasgupta
et aI., 1992; Rayagada: Shaw and Arima: 1996b),
as well as by geochemical data (Bhattacharya,
1973; Shaw, 1997). Two-pyroxene granulite,
which occurs as lenses conformablY within other
granulites, is considered to have originated from
continental rift type basic magma, according to
geochemical studies (Shaw, 1997; Sengupta et
aI., 1996). Partial charnockitization of garnet-
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biotite gneiss is reported from Chilka Lake
(Bhattacharya et aI., 1993) and Rayagada (Shaw,
1996), although the timing of formation of such
so-called 'incipient charnockite' is difficult to de-
termined.
The occurrence of granulites in the Patapa-
tnam-Tekkali area described in earlier chapters
is comparable to those from other areas in the
EGMB. These indicate that the migmatite and
granulites from the study area have similar geo-
logical characters to those of the Mobile Belt.
Concerning their precursors, the co-existence of
metaquartzite and calc-silicate suggest that they
have a sedimentary origin, as do the granulites
in other area.
The outcrops showing a proof of partial melt-
ing in the EGMB have been described by
Dasgupta et a1. (1992, 1995), Sen et a1. (1995)
and Shaw (1996). Dasgupta et a1. (1992, 1995)
studied the leucocratic veins occurring within
garnet-sillimani te gneiss at Garbham, and de-
duced that charnockite has also derived from de-
hydration melting of a metaluminous assem-
blage. They concluded that the melting was
initiated at 950°C and 9 kbar, but the
seggregation of melt was incomplete. Sen et a1.
(1995) described similar leucocratic patches in
garnet-sillimanite gneiss formed at 1l00°C, 10
kbar, from the Chilka lake region. Shaw (1996)
also observed a spot-like migmatite in leptynite
(garnetiferous granite gneiss) at Rayagada,
where high P-T conditions of 1150°C and 13
kbar are reported (Shaw, 1997). All the cases
show the melt production at high temperatures.
A basic magma (which is the precurser of two-
pyroxene granulite) intrusion in an extensional
setting, as a possible supplier of a high tempera-
ture is discussed by Dasgupta et a1. (1995).
Such a heat-input to the lower crust might have
promoted partial melting (d., Clemens, 1992).
The GOBM, showing the occurrence of ma-
tured melt to form diatexite or leucogranite,
could possibly have been created under ultra-
high temperature (and pressure?) conditions.
4.2. Melting phenomenon in the Tekkali area
The GOBM is mainly composed of coarse-
grained orthopyroxene-bearing leucosome and
biotite-bearing gneissic mesosome. The leuco-
some which occurs mostly as veins or net-veins
cutting the mesosome (Fig. 5A) appear to be a
channel of the melt. The diatexite might have
been formed by consequential in-situ melting or
a further extracted and seggregated portion of
the melt. The diminished enclave-like mesosome
in the diatexite (Fig. 5E) might have barely re-
mained devoid of melting. The leucogranite im-
plies its extraction from the leucosome. The
megascopic gradual change in the degree of
melting indicates that the melting phenomenon
as a migmatization process (Fig. 4).
As the leucogranite includes less orthopy-
roxene and plagioclase, which are considered to
have crystallized in the first stage of the
leucosome formation, melt was extracted just
after the crystallization of these minerals to
form pods, patches, or sometimes parallel bands
within the mesosome. The leucosome is com-
posed of coarser-grained minerals than the meso-
some and is inferred to have crystallized from
melt (e.g., Mehnert, 1968). The leucosome scarce-
ly shows the typical textural features of a crystalliza-
tion from melt, as proposed by Vernon and Collins
(1988) and Burg and Vanderhaeghe (1993), be-
cause of the effect of the later deformation.
However, the seriate texture in the leucosome
resembles that of the leucosome in metatexite
described by Johannes and Gupta (1982). Some
plagioclase and Opx 2 often show euhedral sha-
pes (Fig. 1OD). Euhedral and coarse-grained pla-
gioclase that occur in the mesosome also may
indicate the in-situ growth of plagioclase from
the melt, unmoved from the mesosome (Busch
et aI., 1974) (Fig. lOA). Therefore, the seriate
texture in GOBM clearly indicates two genera-
tions of same mineral species: one derived from
the protolith and other from the melt. The Opx
in the mesosome, together with garnet porphy-
roblasts surrounded by leucocratic portions and
including biotite, plagioclase and quartz, suggest
the dehydration melting reaction (3) under the
temperature condition higher than around 800°C
and higher pressure than 8-9 kbar (e.g., Patino
Douce and Beard, 1995; Singh and Johannes,
1996). By contrast, Opx 2 in the leucosome en-
closes plagioclase which maintains its euhedral
nature or crystal facets (Fig. 10E). The absence
of clinopyroxene or garnet coexisting with
orthopyroxene indicates that the formation of
orthopyroxene (Opx 2) did not involve plagio-
clase (e.g., Griffin, 1971). These textural features
indicate that plagioclase crystallized from melt
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prior to Opx 2.
4.3. Implications to UHT condition of the EGMB
Many petrological studies have attempted to
estimate the peak conditions of granulite-facies
metamorphism in the EGMB. It has been con
firmed that the EGMB had suffered from temper-
ature conditions exceeding---900 °c, suggesting
ultra-high temperature metamorphism (UHT)
(e.g., Lal et aI., 1987). Such extreme high tem-
perature events are often recorded in sapphirine-
bearing granulite are calc-silicate rock.
Lal et a1. (1987) reported sapphrine granuli te
from the Paderu area, indicating a condition
of---7 kbar and---900°C, and concluded that the
area represents a 'hot spot' region within the
EGMB. Most of the studies in the EGMB carried
out after Lal et a1. (1987) firmly determined
that the 'hot spot' in the EGMB is not a 'spot'
but a 'region'. The UHT condition of 900-1000
°c at 8-10 kbar recorded at many localities (e.g.,
Bhowmick et aI., 1995; Dasgupta et aI., 1995; Sen
et aI., 1995; Sengupta et aI., 1990; Shaw and
Arima, 1996b) is now recognized as one of the
stages that the EGMB has experienced. A tem-
perature as high as---850°C is expected as the
heat-input from the mantle is indispensable for
the dehydration breakdown of biotite (e.g.,
Clemens, 1992). Recent experimental works have
revealed that the presence of halogens in biotite
from continental crust shifts the dehydration
melting reaction to the higher temperature side
(Osanai et aI., 1997 and references therein).
Pressure estimates reaching >---10 kbar
favor a doubly thickened crust and hence, the
precursor of the EGMB granulites might have
been buried upto the depths of---25-30 km, with
subsequent heat input due to magma under-
plating. Uplifting indicated by the P-T evolu-
tion shows isothermal decompression (Shaw and
Arima, 1996a; Sen et aI., 1995) followed by iso-
baric cooling at a moderate depth (Sengupta et
aI., 1990; Dasgupta et aI., 1994). In the Tekkali
area, a pressure as high as 9-10 kbar is deduced
from the presence of garnet+opx 1 with melt
(Patino Douce and Beard, 1995).
High pressure accompanied by high tempera-
ture suggests that the Patapatnam-Tekkali area
might have experienced UHT conditions similar
to other areas in the EGMB. Furthermore, the
degree of melting observed in the Tekkali area
is extremely large compared to migmatites re-
porled in the other studies. Therefore, the GOBM
may be considered as yet more evidence for
UHT condition.
5. Conclusion
In the Patapatnam-Tekkali area, Eastern
Ghats, India, migmatite and granulites are recog-
nized. Garnet-orthopyroxene-biotite migmatite
(GOBM) occupies the central region of the study
area extending for approximately 100 kn1 near
Tekkali Town, surrounded by other granulites
(garnet-sillimanite gneiss, orthopyroxene-bioti te
gneiss, partially charnockitized garnet-biotite
gneiss).
The GOBM is considered to have been sub-
jected to dehydration melting at high P-T condi-
tions, represented by the reaction Bt+ PI +Qtz=
Grt porphyroblast+Opx 1+ Melt. This melting
phenomenon created a wide variety of modes of
the GOBM. It is uncertain whether granulites,
dominated by garnet-sillimanite gneiss, were
metamorphosed by the same event which caused
partial melting of the GOBM. Textural evidence
clearly suggests that the GOBM suffered from
isothermal decompression after the melting.
Later events recognized after the granulite-facies
metamorphism (and/or dehydration melting
event) includes charnockitization, intrusion of
porphyritic granite and formation of
pseudotachyIi teo
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